We study how different economic sectors differently populate the various regions of these graphs.
INTRODUCTION
One of the main goals in the field of complex systems is the selection and extraction of relevant and meaningful information about the properties of the underlying system from large datasets. In the last few years different methods have been proposed for filtering financial data by extracting a structure of interactions from cross-correlation matrices where only a subset of relevant entries are selected by means of criteria borrowed from network theory [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In particular, two methods that have been proved to be very effective are the Minimum Spanning Tree (M ST ) [1, 15] and the Planar Maximally Filtered Graph (P M F G) [7, 8] . These methods are both based on the principle of iteratively constructing a constrained graph (a tree or a planar graph a ) which retains the largest correlations between connected nodes.
In this paper we study M ST and P M F G graphs generated dynamically from correlations computed over a moving window. Dynamics adds a quantification of
From Returns to Graphs
We have analyzed daily time series of the n = 300 most capitalized N Y SE stocks from 2001 to 2003, for a total of T = 748 days [9] . Returns are computed as logarithmic differences of daily prices, and daily prices are computed as averages of daily quotations. Closing quotations are excluded from the computation. Stocks are classified into 12 economic sectors and 77 economic subsectors, according to the classification of Forbes magazine. Names of sectors, the codes used in this paper and the number of stocks in each sector are reported in Table 1 . Table 1 . Name of Sectors, Codes and corresponding number of stocks.
Sector
Code Number of Stocks Basic Materials  S01  24  Capital Good  S02  12  Conglomerates  S03  8  Consumer Cyclical  S04  22  Consumer Non Cyclical  S05  25  Energy  S06  17  Financial  S07  53  Healthcare  S08  19  Services  S09  69  Technology  S10  34  Transportation  S11  5  Utilities  S12  12 We have considered moving windows from time (t) to time (t + ∆t − 1), where t = 1, 2 , ... , T − ∆t + 1 and ∆t = 21, 42, 63, 84, 126, 251 market days, corresponding approximately to 1, 2, 3, 4, 6, 12 months. For each t and ∆t, the resulting matrix of returns is denoted as Y s (t, ∆t) with s = 1, 2, ... , 300.
For each t and ∆t we have computed the correlation matrix C (t, ∆t) with coefficients given by the following formula
where f = f (t + τ ) is the time average of a given series f (t) over the window ∆t. From these correlation coefficients c i,j , we compute distances between stocks i and j: d i,j = 2 (1 − c i,j ) [1, [17] [18] [19] . The resulting matrix D (t, ∆t) = 2 (1 − C (t, ∆t)) is the dynamical distance matrix of the weighted complete graphs K 300 which has n (n − 1) /2 = 300 × 299/2 = 44 850 edges connecting all pairs of nodes. Different methods exist in literature in order to filter such a huge amount of data, otherwise hardly readable and usable.
A widely used filtering method is the M ST , a connected graph with no cycles and n − 1 edges. In the M ST construction, edges are selected in order to minimize the sum of the distances [20] . An almost linear running time algorithm has been recently developed by Chazelle [21] . Since we have computed almost 4 000 M ST s out of 300 nodes's graphs, the efficiency of the algorithm had to be considered. We have used Prim's algorithm [22, 23] implemented in Matlab and we verified that its efficiency O(n 2 ) is enough for our purposes. A filtering method which uses a similar principle, but allows more interactions and builds a more complex and rich structure, is the P M F G [7, 8, 16] . The P M F G is built by constructing and ordered list of edges from the smallest to the largest distances and then connecting the shortest edges whilst constraining the condition of planarity b [7, 8] . The resulting network is a connected planar graph in which the number of edges is 3 (n − 2), approximately three times the number of edges of the M ST . It has been proved in ref. [8] that the M ST is always a subgraph of the P M F G.
3. Analysis: who stays in the center?
Central and Peripheral Nodes
For each node of both dynamical M ST s and P M F Gs and for each ∆t we computed the time average of the following quantities: degree, betweenness, eccentricity and closeness (see definitions in Appendix A). For the list of 300 stocks (the graph's vertices), the time averages of these four measures have been sorted, respectively in descending order for degree and betweenness and in ascending order for eccentricity b The numerical code to construct P M F G is provided in [8] Additional Material. and closeness. These two kinds of ranking are due to the opposite meaning of the two couples of measures: the first two are properly centrality measures, the second two are peripherality measures. As a consequence of such ordering, nodes on the top of the ranking are the most central while those at the bottom are the most peripheral from the point of view of each of the measures considered. In Tables 2  and 3 three nodes with the highest averages (at the top of the ranking) and three nodes with the lowest (at the bottom of the ranking) are reported. Tables 2(a) There are other stocks, though, that are at the bottom of the list only for degrees and betweennesses, like Sociedad Anonima ADS (YPF, Energy S06), BCE INC (BCE, Services S09), and Mattel (MAT, Consumer Cyclical S04). There are however others that are at the bottom of the list only for eccentricities and closenesses, like Schlumberger (SLB), Baker Hughes (BHI), BJ Services (BJS), Halliburton (HAL) and Smith International (SII) which interestingly all belong to the Energy sector (S06).
The unambiguous predominance of the Financial Sector among central nodes is even more evident if we look only at eccentricity and closeness. In fact, only financial stocks are present in the lists e, f , g and h of Table 3 among the three with smallest eccentricity and closeness, while lists a, b, c and d for degrees and betweennesses in Table 2 show a more variegated situation with also Basic Materials (S01) and Capital Goods (S02) present.
As ∆t increases, average degrees of central nodes increase remarkably, both in the dynamical M ST s and the dynamical P M F Gs while average degrees of poorly connected nodes slightly decrease to their minimum possible value, that is 1 for the M ST and 3 for the P M F G. When ∆t = 12 months, there are 28 stocks with time average degrees exactly equal to 1 in the M ST which means that these companies have always been extremely badly connected, with only one connection to the rest of the tree for all the period considered. The same patterns are followed by time average betweennesses: as ∆t increases central nodes become more central and poorly connected nodes become less connected. We see that the less central nodes according to the degree and the betweenness are the same: ABX, BCE, MAT, NEM, YPF which aren't sectorially characterizable.
Eccentricity and closeness show a less clear behavior. As ∆t increases, both average eccentricities and closenesses of central nodes diminish in the M ST s, i.e. the central nodes become more central. But a slight decrease can be seen also for eccentric nodes, which means that the eccentric nodes become less eccentric. In the P M F Gs, instead, eccentricities and closenesses of central nodes slightly increase, i.e. the central nodes become slightly less central, and a more pronounced increase can be seen for eccentric nodes. However we have noticed that by dividing each value by the average over all nodes, we retrieve that, as ∆t increases, the central nodes become more central and less central nodes become even less central according to all measures. This result confirms the general result that, as ∆t increases, the structure of the system becomes more definite and robust. This is in agreement with previous results found in a previous work [16] . We note that the most eccentric nodes according to both eccentricity and closeness are the same (SLB, BHI, BJS, HAL, SII) which are all Energy stocks, but they are different from those selected by degree and betweenness.
Summarizing, we find that all the measures provide similar results from the point of view of centrality but different results from the point of view of peripherality. Intuitively, we may think there could be four possible extremes that need to be considered: nodes well connected and central; nodes well connected but eccentric at the same time; nodes poorly connected but central; nodes poorly connected and eccentric. In Section 5 we will investigate further this reasoning.
Central and Peripheral Sectors
In order to assess the relevance of sectors from a centrality/peripherality point of view, we have counted, for all the measures considered above and for each sector, the number of stocks present in the top fifty and in the bottom fifty of the rankings in descending order for degree and betweenness and ascending order for eccentricity and closeness. Results are reported in Tables 4 and 5 .
We find that the Financial Sector is always strongly predominant among the central nodes of the system. All the four measures, for all the values of ∆t, both for the dynamical M ST s and P M F Gs, indicate an extraordinary presence of the Financial Sector within the most central nodes of the system, as we can see from columns S07 of Table 4 a, b, e f , and Table 5 a, b, e f . Such predominance slightly decreases as ∆t increases. Though proportions are very similar for all the four measures, eccentricity and closeness (Table 5 sections a, b, e and f ) show higher figures than degree and betweenness (Table 4 sections a, b, e f ).
In general, for all measures and for both M ST and P M F G, a strong presence among the central nodes (compared to the low number of stocks associated to them) can also be attributed to Basic Materials (S01), Capital Goods (S02), Conglomerates (S03), Consumer Cyclical (S04). Basic Materials show a very strong presence when ∆t = 1 month but it dramatically decreases as ∆t increases. The presence of all other sectors is overall negligible or very negligible as in the case of Healthcare (S08), Transportation (S11) and Utilities (S12). Table 4 . Number of stocks, for each sector, among the fifty highest and the fifty lowest values for degree and betweenness, for both M ST and P M F G, for each value of ∆t (descending order ranking).
S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 ∆t = 1
S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 ∆t =
S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 ∆t = 1 Technology (S10) and Services (S09) occupy many of the lower fifty more peripheral positions, according to the degree and the betweenness but not to eccentricity and closeness which, instead, put in surprisingly strong evidence the role of eccentric nodes belonging to Utilities (S12), Energy (S06), Consumer Non Cyclical (S05). In particular, we find absolutely outstanding the relevance of Utilities sector among the lower fifty positions of the latter two measures: almost 100% of the 12 Utilities stocks are counted.
From a joint analysis of Tables 2, 3 , 4, 5 we find particularly noteworthy the similarity of the behaviors of M ST s and P M F Gs which show a remarkable correspondence of sectorial structures.
Robustness with respect to ∆t
We have noted in the previous analysis that changes in the ranking occur as the time window ∆t changes. In order to check and quantify the robustness of the sectorial population in M ST s and P M F Gs with respect to ∆t, we have computed for all measures the number of common elements between the most central or the less central stocks extracted at different ∆t.
If we consider the first 100 nodes with higher degree for ∆t = 1 month and ∆t = 12 months, we find they have 70 common elements for the M ST s and 72 Table 5 . Number of stocks, for each sector, among the fifty lowest and the fifty highest values for eccentricity and closeness, for both M ST and P M F G, for each value of ∆t (ascending order ranking).
S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 ∆t 
S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12 ∆t common elements for the P M F Gs, showing a high level of robustness of both M ST s and P M F Gs with respect to changes in ∆t. Similar figures, respectively 68 and 72, are found for nodes characterized by lower degree. Respectively 71 and 69 common elements are found among the first 100 nodes with higher betweenness and 60 and 68 among the 100 nodes with lower betweenness. Similar results have been found for eccentricity and closeness. Moreover we have verified that the number of common elements between the 100 most central nodes when ∆t = 1 month and the 100 less central nodes when ∆t = 12 months are always negligible both for M ST s and P M F Gs. The same happens for the number of common elements between the 100 most central nodes when ∆t = 12 months and the 100 less central nodes when ∆t = 1 month. This means that central nodes do not become peripheral as ∆t increases and, viceversa, peripheral nodes do not become central. Therefore, the graphs are very robust with respect to ∆t.
Similarity between M ST s and P M F Gs
In order to check and quantify the strength of the structural similarity between M ST s and P M F Gs, we have computed for all measures the number of common elements between the most central or the less central stocks extracted by the two If we consider the first 100 nodes with higher degree for M ST s and P M F Gs, we find they have 94 common elements when ∆t = 1 month and 83 common elements when ∆t = 12 months, showing therefore a very similar structure. We find respectively 86 and 82 common elements if we consider the 100 nodes with lower degree. Very high figures are also found for the betweenness: 93 and 93 for the 100 higher values, 91 and 86 for the 100 lower. We find 95 and 86 common nodes for the 100 lower eccentricities; 94 and 86 common nodes for the 100 higher ones. We find 72 and 69 for the 100 lower closenesses; 77 and 74 for the 100 higher ones.
Moreover we have verified that the number of common elements between the 100 most central nodes in the M ST and the 100 less central nodes in the P M F G is systematically zero for all ∆t. The same happens for the number of common elements between the 100 most central nodes in the P M F G and the 100 less central nodes in the M ST . This means that it never happens that a node appears to be central in the M ST and peripheral in the P M F G at the same time (or viceversa).
Persistence over Time
In order to check the robustness of ranks over time, we have computed the standard deviations of the ranks over time for each node and for each of the eight measures when ∆t = 12. We find parabolic curves in which the highest and the lowest ranks have a smaller standard deviation, while nodes in the middle have a rather larger variability. We verify that most of the stocks in the first 30 positions remain in the first 100 positions during turbulence periods with probabilities between 60% and 99.9%. We find that degree, betweenness and closeness are relatively robust whereas eccentricity is much more variable. Such variability is due to periods of strong market turbulence during which the network is particularly shaken. The last 30 positions are much more stable: they remain in the last 100 positions with probabilities between 70% and 99.9%.
We measure the persistence over time of centrality or peripherality by computing, for each measure, the number of common elements between the first 20 and 50 stocks in the four following cases at the same time: M ST with ∆t = 1 and ∆t = 12; P M F G with ∆t = 1 and ∆t = 12. We obtain that a considerable number of central stocks are common elements of all measures and are predominantly financial. The most peripheral stocks are more heterogeneous from a sectorial point of view. Nonetheless, the Utilities Sector emerges for closeness and eccentricity. Details are reported in Appendix B.
Capitalization
In general, we observe that big companies seem to be usually slightly more connected and central than small ones. Average capitalizations of the most central nodes are systematically higher than those of the most peripheral. In Appendix C a set of statistical tests can be found in which we demonstrate that the association between large capitalization and centrality remains valid -and strong -for all the measures, for all ∆t considered, for both M ST and P M F G.
Discussion
The analyses of degree, betweenness, eccentricity and closeness suggest that there could be two different "principal components" which fully explain the differences between degree and betweenness on one side and eccentricity and closeness on the other. Average fractional ranks c have been computed both for M ST and P M F G accordingly with each of the four measures: degree, betweenness (descending order); eccentricity, closeness (ascending order). An analysis of the Principal Components of these 8 variables provides a robust confirmation that all are centrality measures (the first principal factor explains the 74.50% of the total variance and there is an 82 − 88% correlation with all the measures). But it also provides a strong evidence that a second principal factor, explaining 23.74% of the total variance, is also statistically significant. We have found that the first principal component is essentially an average of all the eight variables, while the second principal component is approximately equal to the difference between the average of degrees and betweennesses and the average of eccentricities and closenesses.
Projections of each stock for the two components are shown in Figure 1 where the first factor is on the horizontal axis and the second factor on the vertical one.
All points in Figure 1 are by construction inscribed in a rhombus whose edges correspond to the four extreme behaviors of nodes that we are about to illustrate. We can see from Figure 1 that central and well connected nodes are at the center on the right; peripheral and poorly connected nodes are at the center on the left; central but poorly connected nodes are at the top while eccentric but well connected nodes are at the bottom. We see a continuity of points from left to right but not from top to bottom. Along the sides of the rhombus we have: peripheral nodes from the less to the most connected; poorly connected nodes from the most peripheral to the most central; central nodes from the less to the most connected; well connected nodes from the less to the most central.
We can see from the figure some interesting cases.
-Nodes that are central and well connected: AGE, BEN and MER (S07).
-Eccentric nodes but with high connectivity: APA (Apache corp, S06), KMG (Kerr-Mcgee corp holding compa, S06), SII (S06) and CL (ColgatePalmolive Co, S05). -Non-peripheral nodes but characterized by low connectivity: EK (Estman Kodak co, S04), LUK (Leucadia National corp, S03), GDW (Golden West Financial corp, S07) and UIS (Unisys corp, S10). -Nodes neutral from both points of view: BBY (Best Buy co inc, S09), MDP (Meredith corp, S09) and JNY (Jones Apparel group inc, S04).
c The fractional ranking consists in assigning the same mean rank to entries with the same score. Fig. 1 . Map of the nodes with respect to the two 'principal components' of the centrality measures. The first axis is an average of the eight rankings of the nodes ordered by degree, betweenness, eccentricity and closeness, each computed for the M ST s and the P M F Gs and for all cases ∆t = 1, 2, 3, 4, 6, 12 months; it is an indicator of the centrality of a node in the graph. The second axis is the difference between the average of degree and betweenness ranks and the average of eccentricity and closeness ranks; as a result, nodes with high connectivity and low and high peripherality are projected towards the bottom of the figure and nodes with low connectivity and very low eccentricity are projected towards the top of the figure. The size of the marker indicates the capitalization of the relative stock: the larger the more capitalized. The lines delimit polygonal regions enclosing the six clusters. Symbols and colors correspond to economic sectors according to the following: '+', black: Basic Materials; ' ', blue: Capital Good; ' * ', dark green: Conglomerates; '×', light green: Consumer Cyclical; ' ', cyan: Consumer Non Cyclical; ' ', brown: Energy; '△', violet: Financial; '▽', light brown: Healthcare; ' ', red: Services; ' ', magenta: Technology; '⋆', peach: Transportation; ' ', gray: Utilities.
-Eccentric and poorly connected nodes: HCP (Health care property invs inc, S09), VLO (Valero energy corp new, S06), YPF (S06) and SLE (Sara Lee corp, S05).
Qualitatively, we can recognize from the figure that there are regions dominated by particular sectors. In order to quantify this observation, we have performed a cluster analysis which leads to the six clusters enclosed in lines in Figure 1 . The analysis has been performed by using SPAD software where a hierarchical tree (dendrogram) has been constructed based on all the axes obtained by principal component analysis and Wards aggregation criterion with a cut performed using a consolidation procedure [24] .
In the first cluster we find 44 stocks that are both extremely central and well connected. This cluster is clearly dominated by 25 financial stocks, with a much lighter presence of stocks belonging to Basic Materials (6), Conglomerates (4) and Capital Good (3). This group is concentrated on the right side of the figure.
In the second cluster we find 66 stocks that are central and connected, but less than in the first cluster. Some of these stocks tend to be slightly eccentric but still remain well connected. There are again many stocks belonging to Financial (10) . Significant are the stocks belonging to Consumer Cyclical (12), Basic Materials (7), Conglomerates (2) and Capital Good (4) . There are also 15 stocks from Services and 7 from Technology. This is the group that is close to the first in the figure.
The third cluster is characterized by 45 stocks that are eccentric but generally well connected. They are concentrated at the bottom of the figure. Not surprisingly, we find that this cluster is dominated by Utilities (9), Energy (12), Consumer Non Cyclical (10), with a moderate presence of Services (8) .
Scarcely connected but neither eccentric are the 53 stocks belonging to the fourth cluster. They are mainly Technology (13), Services (19) , and Financial (10). They are concentrated at the top of the figure.
The fifth cluster is characterized by 51 stocks which are generally poorly connected and peripheral. This cluster isn't clearly characterized from a sectorial point of view, apart from 14 stocks of Services. It is concentrated in a left region of the figure.
In the sixth cluster we find 41 stocks that are definitely peripheral and poorly connected to the system. There are 10 stocks of Consumer Non Cyclical, 8 from Healthcare and 9 from Services, all concentrated at the extreme corner of the rhombus on the left side.
In Appendix D the complete composition of each cluster is reported. We also observe that subsectors are strongly clustered too. For example, in Figure 1 , "Electric Utilities", "Oil Well Services & Equipment" and "Oil & Gas Operations" lie all along the left bottom side while "Food Processing" is slightly above them; "Semiconductors" lies along the right bottom side; "Chemical-Plastic & Rubber" and "Chemical Manufacturing" lie along the right side of the diagonal; "Investment Services" lies along the right top side while "Regional Banks" and "Conglomerates" lie slightly below them; "Computer Services" lies slightly below the top vertex.
Conclusions
We have mapped the economic sectors onto M ST and P M F G filtered graphs retrieving a complex but rather well defined hierarchical organization. It turns out that a proper classification follows two significant principal components that divide the system towards four extremes: stocks well connected and central; stocks well connected but at the same time peripheral; stocks poorly connected but central; stocks poorly connected and peripheral.
In the light of economic theory we can see that the Financial Sector must play a central role in the entire system: all companies involved in a production activity ccpjune08 14 F. Pozzi, T. Di Matteo and T. Aste need funds before they start their business. Funds are provided directly and primarily by investors (self-financing), then conspicuously by the financial system and only at the end by private lenders for the residual part. It is therefore straightforward that we find banks and stocks belonging to the Financial Sector at the center of the networks. But companies need also raw materials (such as steel, aluminium or copper) and other intermediate goods (all those goods used as inputs in the production of other goods) and capital goods or physical capital (such as factories, machinery, tools, and various buildings): these are all "specific inputs" of the production. No surprise then that, after the Financial Sector, we find that Basic Materials, Capital Goods and Conglomerates also share the central part of the filtered graphs. Sectors specialized in final products, such as Consumer Non Cyclical and Healthcare are concentrated in the periphery instead. Similarly sectors like Transportation, Energy and Utilities, which are general inputs and serve indistinctly all other activities, are rather peripheral as well. We have also observed that, although this hierarchical organization is rather robust over time, there are periods of huge turbulence during which the system hierarchy is shaken. Future works will be devoted to the investigation of this dynamical mixing during financial turbulence. The eccentricity for each node i is the maximum length of the shortest paths that connect i to any other vertex j. If the eccentricity is high, the node is relatively peripheral; if it is low, the node is relatively central. The eccentricity is then a measure of peripherality. The maximum eccentricity is the graph's diameter. The minimum eccentricity is the graph's radius.
The closeness of vertex i is the average length of all shortest paths that connect i and any other vertex j. If the average is high, vertex i is relatively peripheral: it is needed a long path, on average, to reach other vertices. If it is low, node i is relatively central, any other vertex is easily reached starting from i. The closeness of a vertex is another measure of peripherality.
We have calculated all these quantities for all dynamical M ST s and P M F Gs and for each ∆t.
Appendix B. Robust Central and Peripheral Nodes
For each of the four measures (degree, betweenness, (-)eccentricity, (-)closeness), we looked at the set of stocks with largest values and we investigated the corresponding sectors.
In the case of the 20 most central stocks for degree, we have found twelve stocks: 
Appendix C. Does Capitalization Matter?
We have two choices when we consider either the M ST or the P M F G; we have two choices when we consider the first and last 50 or the first and last 100 of the lists; we have six choices when we consider either ∆t = 1, 2, 3, 4, 6, 12 months; and finally we have four different measures (degree, betweenness, eccentricity, closeness). We have a total of 2 × 2 × 6 × 4 = 96 cases.
We first consider at the same time all the 96 cases, assuming they are extracted from the same independent normally distributed statistical population, and we calculate the confidence interval with 1.00% significance level by means of the TStudent. We find it is (26.38, 31.76) centered on a general sample mean of 29.07. This means that the most central stocks are approximately 29 ranks more capitalized than the less central ones.
A second test was done by using the 48 cases in which only the first and last 50 stocks in the list were considered. The confidence interval was (24.74, 30.96) centered on a sample mean equal to 27.85.
When we use the 48 cases in which only the first and last 100 stocks in the list are considered, we obtain a (25.80, 34.77) confidence interval centered on a sample mean equal to 30.28.
By considering only the 16 cases for each ∆t, we obtain the following confidence intervals: (18.45, 28 .47) when ∆t = 1 month, centered on a sample average equal to
